Cavernous smooth muscle cells are essential components in penile erection. In this study, we investigated effects of estrogen exposure on biomarkers for smooth muscle cell differentiation in the penis. Neonatal rats received diethylstilbestrol (DES), with or without the estrogen receptor (ESR) antagonist ICI 182,780 (ICI) or the androgen receptor (AR) agonist dihydrotestosterone (DHT), from Postnatal Days 1 to 6. Tissues were collected at 7, 10, or 21 days of age. The smooth muscle cell biomarker MYH11 was studied in depth because microarray data showed it was significantly down-regulated, along with other biomarkers, in DES treatment. Quantitative real time-PCR and Western blot analyses showed 50% %-80% % reduction (P 0.05) in Myh11 expression in DES-treated rats compared to that in controls; and ICI and DHT coadministration mitigated the decrease. Temporally, from 7 to 21 days of age, Myh11 expression was onefold increased (P ! 0.05) in DES-treated rats versus threefold increased (P 0.001) in controls, implying the long-lasting inhibitory effect of DES on smooth muscle cell differentiation. Immunohistochemical localization of smooth muscle alpha actin, another biomarker for smooth muscle cell differentiation, showed fewer cavernous smooth muscle cells in DES-treated animals than in controls. Additionally, DES treatment significantly up-regulated Esr1 mRNA expression and suppressed the neonatal testosterone surge by 90% %, which was mitigated by ICI coadministration but not by DHT coadministration. Collectively, results provided evidence that DES treatment in neonatal rats inhibited cavernous smooth muscle cell differentiation, as shown by down-regulation of MYH11 expression at the mRNA and protein levels and by reduced immunohistochemical staining of smooth muscle alpha actin. Both the ESR and the AR pathways probably mediate this effect. development, estrogen, microarray, MYH11, penis
INTRODUCTION
The rat penis, similar to the human penis, contains cavernous spaces and smooth muscle cells (cavernous smooth muscle cells), two structures essential for erection in a vascular penis [1] . Unlike other body smooth muscle cells, cavernous smooth muscle cells remain contracted most of the time; they relax under sexual stimulation, which engorges cavernous spaces with blood and, consequently, produces erection [2] . Cavernous smooth muscle cells have been targets of pharmaceutical drugs that enhance erection by prolonging their relaxation [3] . It is estimated that 152 million males world wide experienced some degree of erectile dysfunction in 1995, and this number is expected to increase to 322 million in 2025 [4] . Vascular diseases impairing engorgement of cavernous spaces are considered a major cause for erectile dysfunction [5] . Cavernous smooth muscle cells were reduced in impotent men [6] and diabetic rats [7] compared to those in controls. The cells were reduced in castrated rabbits [8] and mice [9] ; and a low testosterone level was correlated with their impaired relaxation in patients with erectile dysfunction [10] . These findings imply an important role for androgens in maintaining normal function of cavernous smooth muscle cells.
Testosterone or its metabolite dihydrotestosterone (DHT) is required for development and growth of the male reproductive tract, including the penis [11] . Perinatal exposure to antiandrogens, such as phthalates [12, 13] and vinclozolin [12] , induce male reproductive tract abnormalities, including smaller phalluses. Infant boys whose mothers had higher level of phthalates had smaller penises [14] . Similarly, estrogen exposure has been linked with higher frequency of reproductive abnormalities [15] . A high prevalence of micropenis was reported in newborns from Brazil [16] and in infants and prepubescent boys from Denmark [17] whose mothers were exposed to pesticides during pregnancy. Laboratory animals treated prenatally with estrogens developed hypospadias [18, 19] . Bisphenol A treatment in rodents increased prostate size [20] and predisposed the gland to a precancerous growth [21] . Alligators from Lake Apopka (FL), contaminated with industrial estrogenic chemicals, had smaller phalluses [22] . Collectively, the above-mentioned studies suggest that exposure to antiandrogens or estrogens is detrimental for development of the male reproductive tract, including the penis. However, none of these studies reported effects on differentiation of cavernous spaces or cavernous smooth muscle cells.
Previously, we reported that adult rats treated neonatally with the antiandrogen GnRH-antagonist [23] or estrogens [24, 25] developed similar penile abnormalities, including loss of cavernous spaces and accumulation of fat cells. These abnormalities occurred in animals that were treated with DES before 12 days of age but not after. The magnitude of abnormalities was higher in animals treated from 1 to 6 days of age than in those treated from 7 to 12 days [26] . Collectively, these studies suggest that the rat penis is most sensitive to estrogen exposure from 1 to 6 days of age, the period just before the beginning of stromal cell differentiation into cavernous spaces and cavernous smooth muscle cells, which appeared at 6-7 days of age in rodents [27] . Although when cavernous smooth muscle cells differentiate in the human penis has not been investigated, differentiation most likely occurs at the end of the first trimester and the beginning of the second trimester of pregnancy when gross morphogenesis of the penis is completed [28] . This is also the period when 2 million women inadvertently continue to take the contraceptive ethinyl estradiol [29] .
Hence, to understand the mechanism by which diethylstilbestrol (DES) exposure in neonatal rats alters differentiation of cavernous smooth muscles, the first aim of this study was to perform a microarray analysis to determine the differentially regulated genes in the penis. Based upon microarray data, we selected the smooth muscle biomarker MYH11 for further analysis. Thus, the second aim was to determine the effects of DES on MYH11 expression at the mRNA and protein levels, using quantitative real time-PCR (q-real time-PCR), Western blotting, and immunohistochemistry, and to determine whether the estrogen receptor (ESR) antagonist ICI 182,780 (ICI) and/ or the androgen receptor (AR) agonist DHT can mitigate DESinduced alterations. Additionally, we studied DES effects on the neonatal testosterone surge and on Esr1, Esr2, Ar, and peroxisome proliferator-activated receptor gamma (Pparc) expression because of their significance in penile development.
MATERIALS AND METHODS

Animals and Housing
Neonatal and adult Sprague-Dawley male and female rats (Harlan, Indianapolis, IN) were maintained at 228C-238C ambient temperature, 55%-60% relative humidity, in a 12L:12D cycle and had free access to food (Rodent Chow 5001; Purina Mills, St. Louis, MO) and water. Animals were handled in accordance with guidelines of the National Institutes of Health Guiding Principles for the Care and Use of Animal Research, and all animal procedures were approved by the Institutional Animal Care and Use Committee at Tuskegee University.
Treatment
Timed pregnancy female rats were housed individually. Within 24 h of delivery, five to eight male pups from different litters (one pup from each litter in order to avoid a litter effect) were randomly assigned to each group, and the number of pups per group was adjusted to eight with extra female pups where appropriate. Each pup in each group received daily s.c. injections of 50 ll of oil (control group) or oil containing DES (1 lg [0.1 mg/kg]; Sigma Aldrich, St. Louis, MO), with or without the ESR antagonist ICI (250 lg [25 mg/kg]; R&D Systems, Inc., Minneapolis, MN) or the AR agonist DHT (200 lg [20 mg/kg], Sigma Aldrich) for 6 consecutive days. The 6-day treatment was based on our previous data, wherein we showed that 100% of the adult rats or mice treated neonatally for 6 days with DES at a dose of 0.1 mg/kg developed permanently malformed penises and were infertile [26, 30] . Similarly, the above doses of ICI and DHT have been shown to mitigate estrogenic effects [24, 31] . Tissues were collected following CO 2 asphyxiation of the pups at 7, 10, and 21 days of age. All samples were snap-frozen in liquid nitrogen upon collection and stored at À808C. The reason for collecting tissues at these development periods was to determine DES-induced changes in gene expression soon after the end of the 6-day treatment (7 or 10 days) and at the onset of puberty (21 days).
Microarray Analysis
At least 50 mg of Day 7 snap-frozen penile (glans and body) and testicular tissue samples from control and DES-treated groups were shipped on dry ice to a commercial company for microarray analysis using the RatRef-12 Expression BeadChip for genome-wide expression analysis (Illumina; SABiosciences, Valencia, CA). At least five penises were pooled to obtain 50 mg of tissue for each replicate, and microarray analysis results were the combined data of three replicates each for control and treated samples. The microarray chips contained 21 910 probes selected primarily from the National Center for Biotechnology Information (NCBI) reference sequence database.
RNA Isolation and q-Real Time-PCR
At least 40 mg of penile (glans and body) tissue samples were homogenized, and total RNA was extracted using the RNeasy mini-kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. cDNA was synthesized from 1 lg of the resulting total RNA by using the Quantitect reverse transcriptase kit (Qiagen), following the manufacturer's instructions. All primers were purchased from SABiosciences, and reactions were performed using 50 ng of cDNA, 10 ll of Brilliant III Ultra Fast SYBR Green q-real time-PCR Master Mix (Agilent Technologies, Santa Clara, CA) and primers at 500 nmol (Myh11, Esr1, Pparc, Esr2, and Ar; catalog nos. PPR53316A, PPR44939A, PPR47599A, PPR48980A, and PPR44497A, respectively). Beta actin (Actb; catalog no. PPR06570B; Agilent Technologies) was used as the housekeeping control, and the final reaction mixtures were made to a total volume of 20 ll with DNase RNase-free water (Qiagen). All q-real time-PCR reactions were carried out in duplicate on a Stratagene model Mx3005P unit (Agilent Technologies). The cycling conditions were one cycle of initial denaturation at 958C for 10 min, 40 cycles of denaturation at 958C for 30 sec, annealing at 558C, and extension at 728C for 1 min each. The final segment involved the generation of a dissociation curve. This consisted of one cycle at 958C for 1 min, followed by 558C and 958C for 30 sec each. Inclusion of a dissociation curve in each q-real time-PCR run ensured specificity of the amplicon.
Western Blotting
Three 10-day-old penis (glans and body) samples were pooled and protein extracted. Samples were homogenized in radioimmunoprecipitation assay lysis buffer solution (Santa Cruz Biotechnology, Santa Cruz, CA) on ice. Protein was separated out by centrifugation at 13 300 rpm for 30 min at 48C and then stored at À808C until ready for assay. Protein concentrations were determined using Coomassie Plus protein assay (Thermo Scientific, Rockford, IL), according to the manufacturer's instructions. Fifty micrograms per milliliter protein were used, and the total volume adjusted to 30 ll using a Laemmli sample buffer solution (Protea Biosciences, Inc., Morgantown, WV), which was mixed with beta-mercaptoethanol in a 17:1 ratio. The protein was denatured by heating for 5 min in a boiling water bath. Proteins were resolved on 10% Tris-HCl gels in a Mini Protean 3 Cell unit (Bio-Rad, Hercules, CA). After SDS-PAGE, gels were electroblotted at 120 V for 45 min and transferred onto polyvinylidene flouride membranes (Thermo Scientific) using a Mini Protean 3 Cell, by electrophoresis at 350 mA for 1 h. Nonspecific binding was blocked by incubation in 5% fat-free milk solution for 1 h at room temperature. Membranes were then incubated in the primary antibodies, rabbit polyclonal anti-MYH11, and mouse monoclonal anti-beta actin (loading control, catalog nos. sc-98705 and sc-47778, respectively, Santa Cruz Biotechnology) in 1% blocking buffer overnight at 48C. After membranes were rinsed, they were incubated in horse radish peroxidase (HRP)-conjugated goat anti-rabbit and goat anti-mouse immunoglobulin G (IgG) secondary antibodies, respectively (catalog nos. sc-2004 and sc-2061, respectively, Santa Cruz Biotechnology) for 1 h at room temperature and developed using Luminata Crescendo Western HRP substrate (Millipore Corp., Billerica, MA).
Immunohistochemistry and Histochemistry
The body of the penis at 7, 10, and 21 days of age was fixed in 10 % neutral buffered formalin on a shaker for 24 h. For immunohistochemical localization of alpha actin protein (ACTA2), a smooth muscle cell biomarker (note, immunostaining with MYH11 was not successful in our hands), tissues were processed in an automatic tissue processor, embedded in paraffin, and sectioned at 5-lm thickness. Slides were de-paraffinized by three washes in xylene and rehydrated through a series of graded alcohol steps (100%, 95%, and 70%) and water, each for 5 min. Unless otherwise stated, all washes were performed three times in phosphate-buffered saline containing 0.05% Tween (pH 7.4) for 5 min each, and all incubations were carried out in a humid chamber at room temperature. Antigen retrieval was achieved by heating the slides in a microwave oven in a 0.01 M sodium citrate solution (pH 6.0) and subsequently cooling them for 30 min, followed by washing. Endogenous peroxidase activity was blocked by incubating the slides for 30 min in 1% hydrogen peroxide in methanol. Nonspecific binding was blocked by incubating the slides for 1 h with normal horse serum (Vector Laboratories, Inc., Burlingame, CA). Slides were then incubated with an anti-ACTA2 primary antibody (anti-alpha actin, catalog no. sc-130617, Santa Cruz Biotechnology) for 1.5 h at room temperature. After another wash, avidin-biotin-HRP complex (Vectastain Elite ABC kit, Vector Labs) was prepared and added according to the manufacturer's instructions. 3, 3 0 -Diaminobenzidine was used as the chromogen substrate, and photomicrographs were taken using an Olympus BX73 microscope (Olympus, Center Valley, PA) under brightfield illumination.
For histochemical demonstration of fat, the formalin-fixed tissues from the body of the penis were rinsed in water for 5 min and then fixed in a solution consisting of 1% osmium tetroxide and 2.5% potassium dichromate for 8 h under a fume hood. This was followed by a 2-h wash in running water. Samples OKUMU ET AL.
were then transferred to formalin, processed in an automatic tissue processor, and embedded in paraffin. Five-micrometer-thick sections were cut, and photographs were taken as described above. In addition to the 7-, 10-, and 21-day-old penis samples, paraffin sections from the body of the adult penis from a previous study [24] were stained for immunohistochemistry and histochemistry. Also, paraffin sections from each group were stained with hematoxylin and eosin.
Intratesticular and Plasma Testosterone
For intratesticular testosterone assay, a part of the right testis was collected at the time of necropsy. For plasma testosterone, a blood sample from the heart of each animal (21-day groups only) was collected just before complete CO 2 asphyxiation, and plasma was collected by centrifugation. Both plasma and testicular samples were frozen at À208C until assayed using a Coat-A-Count testosterone radioimmunoassay (Diagnostics Products Corp., Los Angeles, CA), as described previously from our laboratory [24] . The sensitivity of the assay was 0.2 ng/ml. All samples were quantified in a single assay, and the intra-assay coefficient of variation was 7%.
Body and Organ Weights
Each animal was weighed immediately after CO 2 asphyxiation. Each testis was freed of the epididymis, and the adjoining fat and was weighed. The penis was exposed up to the ischial arch, freed from the adjoining tissues, and measured for length and weight as described previously [26] . The stretched length was measured from the tip of the glans penis to the midpoint of the ischial arch.
Statistics
Statistical analyses were performed using ProStat statistical software (Polysoftware International, Pearl River, NY). Analysis of variance was performed with all parameters. Treatment groups with significantly different means (P , 0.05) were identified using Duncan multiple range test or t-test when only comparisons to controls were made. When data were not distributed normally or heterogeneity of variance was identified analyses were performed with transformed or ranked data. Data are expressed as means 6 SEM.
RESULTS
Microarray Analysis of Gene Expression Profiles in the Penis and Testis
The primary goal of the microarray analysis was to determine the immediate gene expression changes in the penis due to DES exposure. For this, we treated rat pups from Postnatal Days 1 to 6 with DES or vehicle and compared the genome-wide expression profiles of controls with those of DES-treated rats at 7 days of age. Of the 21 910 probes, approximately 4022 genes were differentially regulated between the two groups. To select genes with a high probability of differential expression, the threshold P value was set to 0.09. A total of 532 genes were up-regulated and 518 were down-regulated in the DES group, compared to controls. Supplemental Table S1 (available online at www.biolreprod. org) lists 297 up-regulated and 271 down-regulated genes that have a published symbol in the NCBI database. From that table, we selected biomarkers for smooth muscle cell, adipocytes, and angiogenesis and steroid receptors because of their significance in penile development [26, 32] . Among the selected genes that were differentially expressed in the DEStreated group, four smooth muscle cell markers, myosin heavy chain 11 (Myh11), Myh7, myosin light chain kinase (Mylk), and actin gamma 2 (Actg2) and the angiogenic factor angiopoietin 2 (Angpt2), were down-regulated (Fig. 1A) . However, the gene expression profiles for the adipocyte marker (Pparc) and steroid receptors (Esr1, Esr2, Ar) were not altered (not shown). Although microarray analysis of testicular genes was not the focus of the study, the gene expression profiles of five steroidogenic enzymes, hydroxy-delta-5-steroid dehydrogenase 3 beta delta-isomerase 1 (Hsd3b1), steroidogenic acute regulatory protein (Star), and cytochrome P450 family enzymes (Cyp11a1, Cyp17a1, Cyp2c22) that were downregulated were included (Fig. 1B) because of their roles in testosterone production.
Based on microarray data and because of the significance of cavernous smooth muscle cells in penile erection, we studied effects of DES on smooth muscle cell biomarkers, including Myh11 expression at the mRNA and protein levels and smooth muscle alpha actin protein immunolocalization at the cellular level in different age groups. We also determined whether the ESR antagonist ICI and/or the AR agonist DHT could mitigate DES-induced alterations in Myh11 mRNA expression. Additionally, we studied effects of DES on mRNA expression of Pparc, Esr1, Esr2, and Ar by using q-real time-PCR, and on fat accumulation by using histochemistry in the penises of different age groups.
Quantitative Real Time-PCR Analysis of Myh11 mRNA Expression in the Penis DES treatment of neonatal pups significantly downregulated Myh11 expression (50%-60% reduction) at both 7 and 21 days of age (Fig. 2, A and B) . Coadministration of ICI or DHT with DES counteracted DES-induced down-regulation on both days, but the groups treated with ICI or DHT alone had Myh11 expression levels similar to those of the control group. A temporal analysis within the control group showed greater than threefold (300%) increase (P , 0.001) in Myh11 expression as animals grew from 7 to 21 days of age (Fig.  2C) . Conversely, a similar comparison in the DES group showed a nonsignificant (P ! 0.05) onefold increase from 7 to 21 days of age, showing that neonatal DES treatment impeded differentiation of smooth muscle cells in the penis.
Western Blot Analysis of MYH11 Protein Expression in the Penis
Western blot analysis was carried out in 10-day-old penises (note, the penis at 7 days of age was too small to collect enough protein). Compared to controls, where MYH11 band staining was clearly visible in all animals (n ¼ 5, each sample was 
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prepared from three pups, and the blotting was repeated twice), the band density was faintly visible in all DES-treated rats (n ¼ 6) (Fig. 2E) . Furthermore, digital analysis of band density revealed almost 80% reduction (P 0.05) in MYH11 protein expression as a result of DES treatment compared to that of controls (Fig. 2D) .
Immunohistochemical Analysis of the Smooth Muscle ACTA2 Protein in the Body of the Penis
As reported earlier, MYH11 immunolocalization was not successful in our hands, and therefore, we immunolocalized ACTA2 protein, another smooth muscle cell biomarker, that has been successfully immunolocalized by other investigators [9, 33] . A brief description of the histology of the body of the penis is included for the sake of orientation. The body consists of two corpora cavernosa that lie dorsolateral to the urethra and a corpus spongiosum that lies ventrally and surrounds the urethra (Fig. 3, A and E) . A partial intercrural septum containing blood vessels and nerves separates two corpora cavernosa. Each corpus cavernosum is surrounded by a thick connective tissue tunica albuginea capsule and contains endothelium-lined cavernous spaces (sinusoids), smooth muscle cells surrounding cavernous spaces, and connective tissue trabeculae separating adjacent cavernous spaces. The corpus spongiosum has similar morphology, except that cavernous spaces are less developed.
Immunohistochemical staining for ACTA2 demarcated the wide-channel cavernous spaces and ACTA2-positive smooth muscle cells that were present adjacent to the endothelium of cavernous spaces. These ACTA2-positive smooth muscle cells are termed ''cavernous smooth muscle cells'' to distinguish them from ACTA2-positive smooth muscle cells that surrounded other blood vessels present in the corpora cavernosa or the intercrural septum (Fig. 3, A-D) . Cells of the tunica albuginea and those present between cavernous spaces, most likely mesenchymal cells or fibroblasts or fat cells, were negative for ACTA2. In controls, both cavernous spaces and cavernous smooth muscle cells were present at 7 days of age (Fig. 3A) , and both were well developed by 10 days of age (Fig. 3B) . The main change observed at 21 days and at adulthood was the widening of the lumen of cavernous spaces (Fig. 3, C and D) . Compared to the cavernous spaces of controls, those of DES-treated animals of the same age group had fewer cavernous spaces as demarcated by ACTA2-positive cavernous smooth muscle cells (cf. Fig. 3 , A-D, with 3, E-H, respectively). Many of these vessels in DES-treated animals are arterioles or metarterioles because they have a narrow lumen that is surrounded by a relatively thicker ACTA2-positive smooth muscle wall (Fig. 3G , the wall is thicker than the diameter of the lumen).
Histochemical Localization of Fat in the Penis
An examination of unstained, paraffinized, osmium tetroxide-stained sections from control and DES-treated rats of all age groups revealed that fat cells were limited to the corpora cavernosa of the body of the penis (Fig. 4, A-F) . A comparison of sections from the control and DES-treated animals revealed that treated animals always had more fat cells and more cells containing larger fat droplets than controls of the same age (cf. Fig. 4 , A-D, with 4, E-H). Furthermore, the number of fat cells and/or fat cells with larger fat droplets decreased with age in controls to the point that only a few fat cells were left at adulthood, whereas they increased with age in DES-treated rats to the point that they filled the corpora cavernosa at adulthood. Unlike the corpora cavernosa, the corpus spongiosum did not contain fat cells in the control or DES-treated animals in any age group.
Quantitative Real Time-PCR Analysis of Pparc, Esr1, Esr2, and Ar mRNA Expression in the Penis
Esr1 expression was significantly two-to fourfold increased by 7 and 21 days of age in the DES-treated group, respectively (Fig. 5, A and B) . Temporally, from 7 to 21 days of age, while Esr1 expression significantly increased in both control and treated groups, there was less than onefold increase in the control group versus more than threefold increase in the DES group (Fig. 5C ). Esr2 and Ar expression levels were similar between controls and DES groups in both age groups (Fig. 5, A  and B) . Temporally, Esr2 and Ar expression levels declined by 40%À70% in controls and in the DES group (Fig. 5, D and E) . Pparc expression was not significantly different between controls and the DES group at 7 days of age but was significantly higher at 21 days in the DES-treated group (Fig.  5, A and B) . Temporally, while Pparc was unaltered in the OKUMU ET AL. control group, it was more than twofold increased in the DES group (Fig. 5F ).
Intratesticular and Plasma Testosterone
The mean intratesticular testosterone level at 7 days in controls was 419 ng/g, which was decreased by 90% as a result of DES treatment, compared to that in controls (Fig. 6) . Coadministration of ICI with DES restored the intratesticular testosterone to the control level; however, coadministration of DHT with DES had no restorative effect. While treatment with ICI alone had no diminishing effect on intratesticular testosterone level, treatement with DHT alone reduced it to the level present in animals treated with DES alone or treated with DES plus DHT (Fig. 6 ). Compared to levels at 7 days, the mean intratesticular testosterone level at 21 days in controls was reduced to 56 ng/g, which was not different from any of the other treated groups (data not shown), except in the DES 
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plus DHT group, where it was 415 ng/g. It is noteworthy that the testosterone level in animals of the latter group (n ¼ 4) ranged from 322 to 490 ng/g, and data were similar when the assay was repeated. The plasma testosterone level was undetectable in all groups at 21 days of age.
Body Weight and Penile Measurement
The emphasis of the study was to report estrogen-induced alterations at the subcellular and cellular levels. However, data for body weight and penile measurements are reported to validate the efficacy of experiments. The mean body weights were similar between controls and all treated groups at both 7 and 21 days of age (16.0 6 0.5 g and 48.6 6 1.2 g, respectively, in controls), except in the DES group, where it was significantly (P 0.05) lower by nearly 20% at 7 days and higher by nearly 15% at 21 days. The mean body weight at 10 days of age was not significantly different between the control and DES groups (18.6 6 0.56 vs. 17.2 6 0.62 mg, respectively). Both the weight and the length of the penis were significantly (P 0.05) decreased by 18%-40% at 7 and/or 21 days of age in the DES group, compared to that in controls; and both decreases were mitigated by ICI or DHT coadministration with DES (Fig. 7, A and B) . 
DISCUSSION
Results of the study provided evidence that DES-induced loss of cavernous smooth muscle cells in the body of the penis involved down-regulation of biomarkers for smooth muscle cell differentiation. This evidence is based on microarray analysis, where expression levels for Myh11, Myh7, Mylk, and Actg2 were significantly decreased, and on q-real time-PCR and Western blot analyses, where MYH11 expression was significantly lower in all DES-treated animals. Actually, MYH11 expression at the protein level was barely detectable in four of six DES-treated animals. Furthermore, results provided evidence that these effects were long-lasting because there was only onefold, nonsignificant (P !0.05), increase in temporal Myh11 mRNA expression from 7 to 21 days of age in DES-treated rats, in contrast to threefold (P 0.001) increase in controls.
Immunohistochemical localization of smooth muscle alpha actin, another biomarker for smooth muscle, corroborated molecular data where cavernous smooth muscle cells as well as cavernous spaces were much less developed in DES-treated rats, compared to controls of all age groups examined in this study. Interestingly, immunohistochemical observations also
Quantitative real time-PCR shows a relative fold change in Esr1, Esr2, Ar, and Pparc expression levels at 7 (A) and 21 days (B) of age as a result of DES treatment and shows a temporal fold change in Esr1 (C), Esr2 (D), Ar (E), and Pparc (F) expression levels from 7 to 21 days of age in controls and DES-treated rats. Note significant up-regulation in Esr1 expression at 7 and 21 days and in Pparc expression at 21 days as a result of DES treatment. Asterisks denote significant differences from controls at the level of *P , 0.05 or **P , 0.001. 
ESTROGEN-REDUCED MYH11 EXPRESSION IN THE PENIS
revealed that most vessels in the penis corpora cavernosa of DES-treated animals were arterioles or metarterioles, instead of cavernous spaces, implying that DES probably targeted these arterioles and inhibited their branching into cavernous spaces. These arterioles are unique because they are parts of a helicine (coiled) artery that is present only in the corpora cavernosa [34] , and they also contain smooth muscle cells under the endothelium, similar to cavernous spaces in the corpora cavernosa. The unique blood supply to the corpora cavernosa might explain why DES exposure did not affect development of the corpus spongiosum because it is supplied by the bulbourethral artery, which is not a helical artery, and its cavernous spaces are not surrounded by smooth muscle cells [34] . To our knowledge, there is no report that describes effects of neonatal estrogen exposure on proliferation of cavernous smooth muscle cells in the rat; however, estrogen exposure in vitro was shown to inhibit proliferation of human fetal penile smooth muscle cells in a dose-dependent manner [35] .
Another important effect of exposure of neonatal pups to DES was an accumulation of fat cells in the corpora cavernosa. This accumulation occurred in all age groups; however, compared to accumulation in pups at 7 and 10 days of age, the accumulation was more striking at 21 days of age and adulthood, where fat cells filled the corpora cavernosa. On the contrary, the number of fat cells as well as the area occupied by fat cells decreased with age to the point that only a few fat cells were left in the corpora cavernosa of control adult rats. It is noteworthy that the above identified age-related differences between control and treated animals, although descriptive, are dramatic and obvious as seen with the light microscope. Present observations that mRNA expression for Pparc, a marker for fat cells, was nearly twofold increased at 21 days of age in DES-treated rats, compared to that in controls, provide support for the histochemical data. A possible reason for not observing similar differences in Pparc mRNA expression at 7 days of age could be that the total number of fat cells was probably not different between control and treated animals at this time of penile development. The reason for an apparent increase in fat accumulation at 7 days may lie in the reduced thickness of the body of the penis in treated animals, thereby, giving an illusion of more fat cells being present.
Another noteworthy observation was the mitigation of DESinduced reduction in Myh11 mRNA expression at both 7 and 21 days in animals that simultaneously received DES and ESR antagonist ICI or DES and AR agonist DHT. These observations imply that the mechanism of DES-induced down-regulation of Myh11 expression probably involves both ESR-and AR-mediated pathways. As far as the ESR pathway is concerned, the present data support the involvement of ESR1-mediated pathway as DES treatment significantly increased Esr1 expression at both 7 and 21 days, without altering Esr2 expression in both age groups compared to controls. Observations that adult Esr1-knockout (Esr À1À ) mice treated neonatally with DES were completely resistant to DESinduced abnormalities present in the wild-type littermates provide further support for the role of ESR1 in mediation of estrogen-inducible abnormalities in the developing penis [30] . Additional support for this role comes from observations that the prostate gland of adult Esr À1À mice treated neonatally with DES developed normally but that of the wild-type and Esr2-knockout (Esr À2À ) mice developed epithelial hyperplasia and dysplasia following DES treatment [36] . Adult (Esr
À1À
) female mice treated with DES neonatally failed to develop pathological abnormalities that were present in the genital tract of similarly treated wild-type and (Esr À2À ) female mice [37] .
However, it remains unclear whether estrogens induce penile malformations via a direct effect on the penis or via an indirect effect through estrogen-induced reduced androgen action or both. The support for a direct effect comes from observations that estrogen receptors are present in the rat penis at birth [38] and from our observations that estrogen-induced penile maldevelopment was associated with ESR1 up-regulation [39] and was mitigated by ESR antagonist ICI coadministration with estrogen [24] . ESR1 up-regulation was associated with abnormal development of the female reproductive tract [40] , mammary gland [41] , prostate [42] , and seminal vesicles [43] in rodents treated neonatally with estrogens. ESR1 upregulation inhibited growth and angiogenic factors in the endometrial carcinoma cell line Ishikawa [44] . Furthermore, ESR1 is the main regulator of estrogenic effects on adipose tissue, and an alteration in estrogen signaling during development dramatically increased adipocyte number [45] . Estrogens inhibited proliferation of vascular smooth muscle cells [46] , and the estrogen metabolite 2-methoxyestradiol inhibited angiogenesis [47] .
Alternately, androgen receptors are also present in the neonatal rat penis [48, 49] . Present observations that DES treatment suppressed the neonatal testosterone surge by 90% at 7 days of age without altering Ar expression point to a lower androgen action at the hormone level as a probable cause for DES-inducible penile abnormalities. Additional observations that animals treated with DHT alone or DHT plus DES had normally developed penises and normal Myh11 expression levels despite nearly 90% decline in the neonatal testosterone surge imply that the exogenous DHT treatment circumvented a lower androgen action in both treatments. Thus, these observations highlight the significance of the neonatal testosterone surge in normal differentiation of cavernous smooth muscle cells and the lack thereof in their permanent loss. In this regard, it is noteworthy that testosterone stimulated proliferation of human fetal penile cavernous smooth muscle cells in vitro [35] and that low testosterone inhibited smooth muscle differentiation and promoted adipocyte differentiation in pluripotent mesenchymal cells in vitro [50, 51] . Additionally, castration induced loss of smooth muscle cells and deposition of fat cells in the corpora cavernosa of the rabbit penis [52] . The coadministration of testosterone with DES prevented most of the histopathological abnormalities affecting the male reproductive tract in rats [31] .
Present results regarding DES-induced suppression of the neonatal testosterone surge are in agreement with a previous study where in utero exposure to DES at a dose similar to ours (0.1 mg/kg) on 13.5, 15.5, and 17.5 days of pregnancy reduced the intratesticular testosterone concentration on Day 19.5 of pregnancy to nearly 10% of the control value [53] . Similar to estrogens, antiandrogen-induced disruption in the prenatal testosterone surge during the ''masculinization programming window'' (15.5-18.5 gestation days of rats) reduced adult penile length [54] . Neonatal exposure to GnRH-antagonist reduced the neonatal testosterone surge by 70%-90% and induced penile malformations similar to those induced by estrogens [23] . Additionally, DES-induced down-regulation of steroidogenic genes (Hsd3b1, Star, Cyp11a1, Cyp17a1, Cyp2c22) that we observed in the microarray analysis results at 7 days of age is in agreement with previous studies where expression levels of the StAR protein [55] and that of cytochrome P450 17a-hydroxylase/C17-20 lyase [56] were reduced in the testis as a result of DES exposure. Leydig cells in Esr À1À mice had higher testosterone production and higher steroidogenic enzyme activity than Leydig cells in wild-type mice [57] . DES exposure to fetal or neonatal Leydig cells OKUMU ET AL. decreased testosterone production in wild-type mice, but not in Esr À1À mice, implying an ESR1-mediated role of estrogen in testosterone production [58] .
In conclusion, results of the present study provided evidence that DES treatment to neonatal rat pups down-regulated expression of MYH11 and ACTA2, biomarkers for smooth muscle cell differentiation, leading to the loss of cavernous smooth muscle cells in the corpora cavernosa of the body of the penis. Coadministration of the ESR antagonist ICI or the AR agonist DHT mitigated DES-induced effects, implying the role of ESR and AR pathways in mediating DES effects. These effects were probably induced by a lower androgen action resulting from DES-induced suppression of the neonatal testosterone surge. These findings are significant because cavernous smooth muscle cells are an essential component in penile erection and also because both humans and wild-life organisms are continuously exposed to a mixture of environmental estrogens and antiandrogens throughout prenatal and postnatal life.
